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Abstract

We report the first demonstration of uv phase conjugation. Using a 15 psec, 2660 R
pulse. 0.1% conjugate reflectivities ware obtained via degenerate four-wave mixing in l-mm
samples of CS; mixtures. While pure C3; did not exhiuit the effect, diiutjon in several
ur transmitting solvents opened up a concentration-tunable (2450 - 2850 A) spectral

~windoy, allowing the optical Kerr effect to he utilized., Weaker phase conjugation at
2660 A was also observed in other Kerr media and in saturable absorber media.

Introduction

The desirability of phase conjugation in the uv is widely acknowledged. A natural
choice for an efficient conjugator would be the highly nonlinear liquid CS;. Unforturate-
ly, pure CS; is opaque over most of the uv spectrum. However, we have found that by
diluting CS,; in uv-transmitting solvents, the ahsorption bands are significnn(ly shifted,
opening up a concentration-tunahble transmission window in the important 2450 A to 2850
range. Establishing this transmission window in CS; allows onc to take Tdvanta e of its
large Kerr effect, which, in the uv, Is enhanccd over its visible value. Within this
concenfrration-tunable window, we have obtained a phase-conjugate 2660 A, 0.1% reflection
in a 1 mm mixture (by volume 60V CS;, 40% hexanec), consistent with the large nonlinearity
of CS3.

In degenerate four-wave mlning.z a probe wave impinges upon u nonlincur material that
is {lluminated by a pair of ;ountorpropngntlnﬁ pump waves. The medium reradiuates a fourth
phase conjugato wove Kreclsoly retracing the k-vector of the probe wave oven though an
aberrator may be in the way.

These distortion-correcting features of phase conjugation suggest widespread applica-
tions, in particular in the uv. First, all high-encrgy uv lasors are high-gain excimer
systems, characterized by severe optical inhomogoncities. These lasers are prime
cundidates for laser fusion, laser isotope sepaiation, and very long Jdistance propagation,
An appropriate conjugator could minimize thg influence of static aberrations both in the
laser and between the lasnar and the target. A highly abeirated excimer laser system
could thus be converted into one providing a well-collimated, highly focusable beam, Aw n
second application, uv phase conjugntlon could be used in conjunction with photolithogra-
phy (or other laser processing techniques) to produce ultraminiature integrated clrcurt
componants. Lastly, in the uv, optical tolerances are hard to attain; phase conjugation
may parmit infeorlor clements in uv optical systoms.

Solvatochromism in C8;

In choosing nonlinear uv phase conjugation samplus, we sought transparent materials
with a strong optical Kerr eoffect and a short response time. Aithounh liquid C§) Is
useful for visihle and ir wavelongtha, It is opaque bglow 3600 hecause of strong and
broad e.cctronic absorption bands at $100 and 2200 A, Nevortheless, we have observed
that when C5; is mixed with uv-trunsmissive organic solvents, a window appears between
the two absorption hands whose width and center froquency depend upon the specific solvent
and its concentration.

Figure 1 shows uv tiansmission curves for t-mm-thick samples of various mixtures of
resgent grade C$; and uv grade hexane, The rng‘nn of transparency broadens and the poak
transmission wevelength biuo shifts by 3000 em ! aw the €8 concentration ta 1educed,
Without solvent-solute interaction, rtha poak transmisxion wavelength would not have
changed. Although dolvent shirts for dilute systoms are woll-known,? we are not aware
of any concentration-dependent ctudios In Chy-hoxane. At 60% €83 concentration, the
2000 A transmission |s }u\. making this mix suitable fory phase vonjugation at this wave-
langth and at the 2080 A wavelength of CHy-Stokes' shifted k¥ laser Light, Further
dilution of the €Sz Incroases the transmission at both 2485 A and 2820 A, suggesting
thut longer dilute wamples would be sultable phase conjugators at krk and Xelir excimol
wavelengths,

*Work porforned under the auspices of the U. 8. Departmunt of Bnergy.
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In our oxpetiments, a single, collimated, 5-mm-diamecter, 400 W,
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Figure 1. Transmission spectra of 1.0-mm-thick CSy-hexane mixes,
The number associated with each line refers to the percentage (by

volume) of CS; in the mixture., The transmission increases,
broadens, and shifts with C3; dilution. Thesc curves have not
bion corrected for the Fresnel lossos of osur quartz cell,

Experimentn! Setup

(quadrupled Nd:YAG) ontercd the experimental urrangement depicted in Fig, 2,
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Figure 2, Mxperimental arvangement., Most of the ultrashort pulse

in Jdivected ta provide the countarpropagating pump waves; the
remalndar in brought to the wample as a probe bheam.

15 psec, 26060 A pulse

The pulse
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first encountered a 90% reflecting beamsplitter, and the larger portion was directed into
a ring to provide counterpropagating pump waves within the l1-mm sample. The beam which

' Yassed the 90% reflecting beamsplitter passed through a 50% reflecting beamsplitter and
mpinged (as a probec beam) onto the sample at a 30° angle. All beams were linearly

polarized in th. same direction. A curved mirror focused the probe beam to a point beyond

the sampl. .ving the diameter at the sample to insure complete onverlap of tﬂe *hree

_ beams. A J0% reflector could be placed before the curved mirror as a reference for

evaluatin, conjugate reflectivities. Any conjugate emission retraced the path of the

~ probe beam, and a portion was redirected by the 50% reflecting beamsplitter for detection

" and analysis. A uv-sensitive television system (Hamamatsu tube N983) and a video storage

device gave continuous two-dimensional display of each conjugate signal's spatial profile,

and nanosecond resolution uv-sensitive photomultipliers provided waveforms. A uy-sensi-

. tive streak camera measured the various pulse arrival times enabling adjustment of the
various optical paths within 3-mm tolerances.

Experimental Results

With a CSj-hexane solution (60% CS; by volume) in a 1-mm cel), signals were observed
on the video monitor. Their phase-conjugate nature was confirmed by their disappearance
when blocking either of the two pump beams or the probe beam (blocked between the 50% and
90V beamsplitters). Also, the spot on the video monitor did not move with minor angular
adjustment of the curved mirror, thereby satisfying a one-dimensional aberration test.

Scparate photomultipliers monitored the conjugate and the input signals. The 1.5 nano-
seconds response rhotomultipliers acted as high-speed calorimeters, The confugate channel
gave two peuaks; the true conjugate signnl was preceeded (by 3 ns) by scattering from the
50V beamsplitter. Wo measured only the height of the second peak. The data are shown in
Fig., 3. We luast-squares fit the duta to the equation

By = a Ejp + b(E,)C, (1)

wherce Ly is the obscrved signal energy uand Ly, ls the input signal energy. The first
torm represuents the rcesidual linoar scattoring., We found n = 0,15, b =« 0,028, and

c = 2.95, The value of ¢ Is In oxcellent agreeoment wlgh the expected value of 3,
indicative of the dogonerate four-wave mixing process,

N

SIGNAL ENERGY (Eg)

0 ! ? 3 L] )

INPOYENCRGY (R )
Eigure 3. Input versus sutput enorgy (arbitrary units) for g
Lomm- thick conjugator containing thy volumal) o0t U5 and 408
hexana, To include spurtous scattarving, we (1t the data to the

oxpronston of lquation (1), giving ¢ « 2,96, and a nearly cubic
depuondence for the nontinear term, The hest it curve s also drawn,
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At the highest input intensities, we obtained 0.1% conjugate reflectivity. To compare
these results to theory, the simple model of degenerate four-wave mixing must be modified
to include nonsaturable absorption. The low-reflectivity expression becomes:

R = [k28ng exp(-a2)]2, (2)

where k = w/c, 8n, is the nonlinear index charge induced by one pump wave at its entry
face, and o is the nonsaturabple absorption cgefficient. To estimate the induced index
change from the pump, we note that én = %4n;&%, where & }? the slowly var{igg envelope
function of one of the pumps. For CS;, np ~ 4.34 x 10- esu at 2660 A.l» We assume
for a 60% CS; mix that ny, is reduced gy a factor 0.6 (ignoring small losal field and
volumetric corrgctionsﬁ). The peak intensity of each pump was 40 MW/cm corresEonding to
6ng = 3.1 x 10°%, Through Eq. ?2), this gives R = 0.12%, in good agreement with the
measured value.

The signal vanishes for CS; concentrations below 5%. Furthermore, introducing a
40 psec delay into either of the two pump paths decreased the 60% CS;-generated conjuga-
tion signal by more than one order of magnitude. The signal disagpearance with dilution
and reduction with delay rule out the roles of solvated electrons’ and thermal gradients,
respectively, leaving only the optical Kkerr effect in CS; as the dominant nonlinearity
responsible for our conjugate signals.

Phase conj 'ate signals of approximately v—e same reflectivity were obtained for 60% by
volume CSy; mixtures in cyclohexane, ethyl alcohol, 1-2 dichloroethane, and N-butanol.
These results indicate that the np of dilute CS; is note strongly solvent-dependent,

We have also scen weaksr phase conjugation in pure DMSO, in 1,2 dichloroethane, and
8-carotene-hexane mixes. Because of the high absorption, no signals were seen in pure
CS;.

In addition to the above Kerr-conjugators, we have studicd conjugation in various
saturable absorbers, At presgnt, the precise mechanism fo; the observed cffects is not
clear. MHeating,8 saturation,” and photochemical reactions!0 may Elny roles. Florescein
in ethyl alcohol, rhodamine 6G in water or in ethyl alcohol, Kodak AY740 dye in
1,2 dichloroethane, pyrene in hoxane, and 2-Napthol 6-Sulfonate ir water (pH 4.5) all
exhibited 0.01% conjugate reflectivity, Neither water nor ethanol gave a signal.

Conclusion

In conclusion, we have obtained the first demonstration of phase conjugation in the
uv, Because we used ultrashort pulses, =ample thicknesses werc limited to millimetor
dimensions, For lasers with greater coherence lengths, thicker samples C?Yld be used with
correspondingly higher conjugate reflectivities. Recently, Murray et al. used intra-
cavity ctalon tcchn}qucs to reduce the 5 A frece-running KrF laser linewidth to 0.15 cm* 1,
and Hawkinsg et a used KrF umrllflcution of frequency-doubled dye laser pulses to
obtain 0.005 ¢m ! bandwidths, These narrow-bhand laser systems should allow c¢nnjugate
refloctivities approaching 100V in thicker cells containing some of the Kerr and saturable
absorber media reportod here.
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